Hypersonic aircrafts produce large amounts of radiation during flight. The calculation of the radiation, which generated by the hypersonic vehicle, facilitates the design of the detection system. In order to calculate the irradiance of the target to the detector, a high-speed target irradiance calculation method based on grid is proposed in this paper, by accumulating the radiation of each grid cell on the target visible surface. On this basis, the simulation of the radiation of the typical flying head cone is carried out. The experimental result shows that the grid-based calculation method could reach higher computational accuracy than average temperature model, and can be applied to the accurate calculation of irradiance of high-speed target.
INTRODUCTION
Hypersonic aircraft has become military research hotspot in the world because of its flight speed, penetration ability and other characteristics. Meanwhile, how to detect it has become an important problem in current research. When the target travels in the atmosphere at high speed, the target surface is rubbed with the air, the temperature rises rapidly and produces strong radiation. So that it becomes possible to detect the target with optical system.
Traditional methods of calculating radiation characteristics of target mostly consider non-hypersonic targets, mainly aims at the radiation of target reflecting sky, ground background and sunlight [1] [2] . At present, the commonly used method of calculating the radiation of hypersonic target is to calculate the infrared radiation of the target surface by calculating the stagnation point temperature, and the stagnation point temperature can be approximately equal to the equilibrium wall temperature of the target surface. However, when the velocity increases rapidly, the temperature distribution will be very uneven due to the complex shape of the target, so that the radiation characteristics obtained by this method are very different from the real situation [3] . Lv Jianwei et al. used the inverse Monte Carlo method to calculate the infrared radiation of aircraft skin, however, this method needs to track a large number of light transfer, and the amount of calculation is large [4] . Some researchers also use the grid node method to calculate the surface temperature distribution and then calculated radiation characteristics of target based on the temperature distribution. However, they didn't solve the problem of how to effectively get the target surface which is visible to the detector [5] .
This paper presents a grid-based method for computing irradiance of hypersonic target. The method uses grids to calculate target radiation based on numerical simulation of hypersonic target surface temperature distribution. Firstly, the visible target surface is obtained according to the grid occlusion; secondly, contribution to the total radiation of each visible grid cell of the target surface is calculated respectively; finally, the contributions to the total radiation of all visible grid cells are superimposed. This method can effectively solve the problem that the traditional average temperature method has great error in calculating the radiation of hypersonic target surface that with non-uniform temperature distribution. Moreover the strategy of calculating the radiation characteristics of the visible target surface greatly reduces the amount of calculation.
NUMERICAL SIMULATION OF TARGET SURFACE TEMPERATURE DISTRIBUTION
When the hypersonic target is in severe friction with the atmosphere, the target surface will produce a complex temperature distribution. The actual flight test and the wind tunnel test are the most direct methods to measure the surface temperature distribution of the target. However, due to its high cost and difficult to implement, the computational fluid dynamics (CFD) method is used to simulate the flow field and surface temperature distribution around the supersonic target in practical engineering applications, so as to shorten the design cycle and save the cost of experiments [6] .
CFD numerical simulation is mainly based on solving the Euler and N-S equations to simulate the complex flow field of the aircraft surface, and to simulate the temperature distribution of the target surface by the fluid thermal coupling analysis. At present, the method for solving the N-S equation can be divided into three categories: large eddy simulation method, direct numerical simulation method and solving the Renault average N-S equation (RANS) method. Due to the high accuracy of solving the RANS equation and its smaller calculation amount compared to the other two methods, this method is usually used to carry out numerical simulation in practical application [7] [8] .
In this paper, we select the k ω − turbulence model to solve the RANS equation. Fig. 1 shows the target grids used in this paper, and the surface temperature distribution of the target at 17 Mach velocity obtained by simulation. 
THE CALCULATION OF THE IRRADIANCE OF THE TARGET TO THE DETECTOR

Calculation of the target radiant exitance
Usually the surface of high temperature target can be approximated as a blackbody, and the radiant exitance of a blackbody for wavelength λ at absolute temperature T is given by Planck's law In engineering, for the convenience of calculation, the Planck's law can be simplified as follows 
Calculation of Irradiance Based on Grids
Theoretically, the irradiance of the target surface to the detector can be calculated by the following equation
where L is the distance between the target and the detector, S is the visible area of the target surface and θ is the angle between the radiation exit direction and the normal vector of unit target surface.
In practical applications, the average temperature method is usually used to calculate the irradiance of the target with non-uniform temperature distribution. Let T be the average temperature of the target surface and ' S be the visible area of the target to the detector, then the irradiance of the target to the detector can be calculated by the following equation.
From the Wien's displacement law, we can see that the peak wavelength of the radiation from the target surface at different temperatures is not the same. It can be derived that the radiation at the peak wavelength is proportional to the fifth power of the temperature. So that even though the average temperature method can obtain fairly good calculation results for the target, whose temperature is not high and the temperature of each part has little difference, its calculation result has great error with the actual situation, when the target surface temperature is very high and the temperature difference is large. And it is necessary to consider a more reasonable and effective calculation method.
According to the CFD numerical simulation method, it can be considered that the temperature of each grid cell is uniform. So that we can obtain the irradiance of the target surface to the detector by calculating the irradiance of each visible grid cell to the detector and then summing the irradiance of all the visible grid cells. The irradiance of each grid cell to the detector can be calculated by the following equation 
where i T , i S and i n are the temperature, area and normal direction of the i th visible grid cell, i l is the radiation exit direction of the i th visible grid cell, i θ is the angle between i n and i l , and i L is the distance between the i th visible grid cell and the detector.
Further, the irradiance of the target to the detector can be obtained according to the following equation.
SURFACE RADIATION OF COMPLEX SHAPED TARGETS
Projection of the target surface on the entrance pupil plane
For complex shaped targets, the occlusion relationship of the grids on the visible region of the target has a great influence on the irradiance calculation. For the pinhole camera model shown in Fig. 3 , all the surface grids are projected onto the projection plane π , and the grids with occlusion will overlap on the plane π , where the nearest grid from the projection plane is the grid visible to the detector. In order to facilitate the analysis, we can make the projection plane π coincide with the xoy plane of the coordinate system of the detector, then the projection coordinate is the same as the ( , ) x y of the target coordinate ( , , ) x y z in the detector coordinate system. Let the detector coordinate system be o xyz − , the distance between the detector and the target is L . Then the relationship between the target coordinate system O XYZ − and the detector coordinate system o xyz − is given by the rotation matrix R and the translation vector t . In order to simplify the analysis, place the origin of the target coordinate system on the optical axis of the detector, and the translation vector will be (0, 0, ) t L = . In order to reduce the computational complexity and improve the computational efficiency, we can mesh the projection plane. So that the area, in which the projection overlap is judged, is changed from the entire projection plane to the projected grid region on the projection plane. Let the instantaneous field angle of the camera be α α × , and the minimum size of the surface grid cell be 0 d . Then the number of projection grids is n n × , where n should satisfy the following formula
The symbol [ ] ⋅ indicates rounding, and we can take n as odd numbers in order to facilitate subsequent processing. So that the size of projection grids is L L n n α α × , and the index of the projection grid corresponding to the surface grid node, whose projection coordinates is ( , ) u v , can be calculated by following equation
Visibility of surface grids
Let each projection grid on the projection plane maintain a collection, and the surface grids will be added to the collection maintained by the projection grid, whose index is equal to the index calculated by the formula (12). Then for a surface grid, only the surface grids, which stored in the collections maintained by all of its corresponding projection grids, may be blocked from each other. The pseudo code of the projection process is shown in Fig. 5 . For the two projection areas, respectively, traverse the respective projection nodes, if the projection node falls in another projection area, then the two projection areas overlap, so that the corresponding surface grid exists occlusion.
Let the projection point of node ( , , ) 
and the distance from the projection point to the plane, where the surface grid with node P is located, is the absolute value of the z-coordinate of the node P
, then the surface grid with node P is blocked, otherwise the surface grid U is blocked.
EXPERIMENTAL RESULTS AND ANALYSIS
In this paper, the CFD numerical simulation of the temperature distribution of the target surface is carried out for the flight height of 50 km and the flight speeds of 2 Ma, 5 Ma, 8 Ma, 10 Ma, 15 Ma and 17 Ma respectively for the target shown in Fig. 1 . The temperature distributions of the target surface are shown in Fig. 6 . And Table 1 shows the highest temperature, minimum temperature and average temperature of the target surface at different speeds. It can be seen that with the increase of speed, the diversity of temperature in different regions of the target surface increases sharply. The irradiance of the target at different speed to the detector, which is facing the target far from the target 300km, is measured with the average temperature method and the grid-based method proposed in this paper. The irradiance calculated by the two methods under different bands is plotted as shown below. It can be seen from the diagram that with the increase of the speed of the aircraft, the difference between the irradiance calculated by the grid-based method and the average temperature method increases rapidly. We can draw the conclusion that when the aircraft speed is low and the requirement of calculation accuracy is low, which means, the temperature difference between different regions is small, the average temperature method can be used to calculate the irradiance. However, when the flight speed is high, the average temperature method has a large error, so the grid-based method proposed in this paper can provide higher accuracy.
CONCLUSION
The irradiance calculation of hypersonic target is the key factor to determine some key parameters of infrared system equipment. The grid-based method proposed in this paper can effectively calculate the irradiance of inhomogeneous high temperature surface of hypersonic target with complex shape. The accuracy of the proposed method has been proven to be much higher than that of traditional average temperature method by simulation experiments, which means that this method could be utilized to provide accurate reference for the design of infrared detection system.
